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ABSTRACT

The alternative types of composite structure made of wood and cement based building materials needs to meet with the
high demand for earthquake-resistant houses in Indonesia. In order to understand the mechanism of earthquake resisting
performance of shear wall, it is necessary to investigate not only elastic behavior of shear walls but also non-linear one.
In this study, series of full-scale experiments on timber frame shear walls composed of Akasia wood (4cacia mangium)
sheathed by Fiber Cement Board (FCB) were carried out. For predicting skeleton curve, a series of theoretical equations
was derived, which cannot only solve arbitrary nail pattern shear wall but also nonlinear behavior after yielding. Further,
for describing hysteresis loops of shear walls, so-called Normalized Cyclic Loop (NCL) model was adopted. By combin-
ing two theoretical approaches, weintended to predict whole cyclic shear wall behaviors tested. Good agreements were
obtained from comparison between experiment and prediction. The information obtain by this study will be useful for
practical engineers or structural designers to design the high performance earthquake resisting timber houses.
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1. Introduction dels for predicting hysteresis loops were used. And by
combining these two theoretical approaches, intended to
predict whole non-linear cyclic behaviors of shear walls,
which were composed of Akasia wood frame and nail on
FCB sheathing.

From recent damage due to earthquakes in various places
in Indonesia, it appears that residential houses made of
concrete and/or masonry was insufficient and collapsed
in severe earthquakes. More than fifteen years ago in Kobe,
Japan, there was also a severe earthquake and devastatin .
daFr)nage was observed on many timl?er houses. Since theg, 2. Material and Methods
not only the Japanese government but also universities, 2.1. Framing Materials
institutes and commercial companies have been paying
effort to make timber residential houses stiffer, stronger
and tougher. Following this good previous example, an
attempt was initiated in Indonesia to make residential
houses more capable of surviving severe earthquakes in
the future.

This paper aimed for establishing reliable shear walls
by using Akasia wood frame, sheathed with Fiber Ce-
ment Board (FCB), which is similar to those being used
for earthquake-resisting house in Indonesia.

In order to understand the mechanism of earthquake
resisting performance of shear wall, we need to investi-
gate non-linear behaviors of shear walls. For this end, the
new theoretical equations derived, which can not only
solve arbitrary nail pattern shear wall but also nonlinear
behavior after yielding for obtaining skeleton curve. In ’ : :
addition to this, the Normalized Cyclic Loop (NCL) mo- Figure 1. Akasia wood used as shear wall frames member.

The Indonesian Akasia wood (Acacia mangium) of 40 x
80 x 3000 mm solid timber was used for all of framing
member material shown in Figure 1, whose mechanical
and physical properties are shown in Table 1.

The Spruce glulam beam of 120 x 120 mm cross-sec-
tion was used for loading girder.
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Table 1. Akasia’s wood mechanical and physical of material
property.

Property Number of Sample  Value (CV) Unit
Density 41 529.3 (16.0)  (kg/m®)
Dynamic Modulus of 4 1032 (12.8) (kN/mm?)

Elasticity; MOE

2.2. Sheathing Materials

The Sheathing material is Fiber Cement Board (FCB), in
which Silica (35% by weight), calcium (35% by weight),
pulp and wooden fiber (15% by weight) and others (15%
by weight) produced by the Japanese commercial com-
pany with size of 1800 x 900 x 12 mm shown in Figure
2. The material properties of FCB are given in Table 2.

2.3. Fasteners

Two kinds of nails were used and their specification is
shown in Table 3.

The N100 nails, which were used for fastener connec-
tion between frame member and the N75 used as fastener
of FCB that were attached to the frame member shown in
Figure 3.

2.4.Shear Wall Specimen

Two types of specimen were prepared as shown in Fig-
ures 4 and 5. Test specimens named, as SWC is conven-
tional type shear wall, which has been used in Indonesia
currently; while test specimen named as SWB is an al-
ternative shear wall type, which was proposed in previ-
ous study [1]. Nailing pitch in both type of shear walls
were 150 mm.

2.5. Testing Methods of Single Shear between
Sheathing and Frame Member

The single shear test between Akasia wood and FCB
sheathing material was carried out, to obtain non-linear
load slip curve, which dominates non-linear behavior of
shear wall. Akasia specimen size; 40 x 80 x 150 mm, 12
mm thick of FCB and fastened by N75 nail, shown in
Figures 6 and 7. Test speed was 1 mm per minute on
Universal Testing Machine (UTM).

2.6. Cyclic Testing Methods

Figure 8 shows testing set-up and location of measuring
devices. Loading protocol used in this study was tenta-
tively determined in accordance with usual shear wall
testing method in Laboratory of Structural Function, Kyoto
University. Therefore, only one cyclic loading in each
target deformation angle loop were used, as shown in
below.
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Figure 2. FCB used as frame specimen sheathed.

Table 2. Mechanical and physical properties of FCB.

Property Value Unit
Density 1220 (kg/m?)
Modulus of Elasticity; MOE? 31.67 (KN/mm?)
Shear Modulus; G* 700 (N/mm?)
*Catalog of Company’s Product (not published).
Table 3. Nail specification.
Name Diameter (mm) Length (mm) Remarks
N75 285 75 Between sheathing and
frame member
N100 3.7 100 Between frame member
e
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Figure 3. The steel nail used as fastener for all connection.
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Figure 4. SWC: the C (Conventional) shear wall frame and
nailing pattern.
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Figure 5. SWB: the V brace shear wall frame and nailing

pattern.
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Figure 6. Shear test specimen of Akasia wood and FCB
fastened by N75 nail.

Figure 7. Shear test specimen of Akasia wood and FCB
fastened by N75 nail during test.
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Figure 8. Testing set-up of shear wall specimen.

First loop: 0 <> 1/300 rad

Second loop: 0 <> 1/200 rad

Third loop: 0 <> 1/150 rad

Fourth loop: 0 <> 1/100 rad

Fifth loop: 0<>1/75rad

Sixth loop: 0 <> 1/60 rad

Seventh loop: 0 «>1/30 rad

Eighth loop: 0 <> 1/15 rad

Final loading: 0— p,., > -p,.. =0

The horizontal push and pull of static cyclic load as
represent of earthquake loading was applied using the
hydraulic actuator of 500 kN capacity and 500 mm
strokes.

The top of shear wall specimen displacement was mea-
sured by using displacement-measuring device of 500
mm strokes. Small displacement and rotation of shear wall
were measured by using displacement meter of 50 mm

strokes. Figures 9 and 10 show the V and C brace and
the shear wall specimen during testing.

3. Theory and Calculation

3.1. Analytical Methods for Predicting Envelop
Curve

The following nonlinear calculation method was derived
based on the article written by Murakami and Inayama [2]
but modified so as to be applicable to such nailed-on-
sheathed shear walls whose nailing pattern are arbitrary
arranged.
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Figure 9. The V brace frame CFB sheathed during test.

Figure 10. The C brace with CFB sheathed during test.

3.1.1. Derivation of Equations
1) Definition of Nail Position

Figure 11 shows nail positions and rotational center
defined in the Cartesian coordinate system where the ori-
gin was determined arbitrary to be located at bottom left
corner and a total of » nails are located arbitrary starting
from | = 1 to »™ in a rectangular area of g x L as shown
in Figure 11.

Let us assume that slip modulus of nail K is not ortho-
tropic but having different values in each nail as this as-
sumption will make it possible to execute step by step
nonlinear calculation with considering material nonlin-
earity of each nail and movement of rotation center from
the initial position to any ones which is ought to be de-
termined by equilibrium of nail forces.

2) Derivation of Rotation Center

At first, let us assume a situation that a forced rota-
tional deformation of angle 6, was given around the rota-
tion center as shown in Figure 12. Due to this forced
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Figure 11. Definition of nail position and rotation center in
the Cartesian coordinate system.

o)
H . " My i
." . n,(x;.3,) .S_XL. ."
J r 3 ° H
— 0, ; i
P, -3 F b %
ol . o H
’:\ i
S : Yo
/| Rotation .
¢ * /| center
L) L] ° o
. ;
. ’ . L] .
i H 2
0 X,

Figure 12. Displacement of i nail due to forced rotational
deformation ..

deformation, i nail #; will be displaced to x-direction by
the amount of s,; as shown in Equation (1).
sxfz(yi_yo)ex (1)

Denoting slip modulus of /" nail as K,;, the reaction
force acting on /" nail can be expressed as Equation (2).

pxizsxisziszi(yi_yO)ex (2)

Equilibrium of all p,; along x-direction leads to Equa-
tion (3).

pri=0_>szi(yi_y0)6x=O (3)
As 6, is constant, then Equation (3) leads to Equation (4).

DKy

szi (yx _yO):O_)ZKsiyi :sziyO >V = ZKS[

4)
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From the same derivation process as shown in x-direc-
tional case, by assuming forced rotational deformation with
angle ¢ as shown in Figure 13, x-directional rotation
center can be derived as shown in Equation (5).

szixi
X, =

2K,
3) Derivation of Shear Deformation of Partial Shear
Wall

Again let us consider x-directional displacement s,; of
™ nail due to 6,;

®)

s, =(¥,=2)0, (6)
Reaction force acting on the i nail is;
P =Sx‘i><Kxi :Kxi(yi_yo)@x (7)

Individual small rotational moment due to reaction force
pxi |S,

mxi:p,\-fx(y;_yo):st(yz_yo)zev ®)

x-directional total moment A, is;
Mx = mei = ZK.\'f (yz =W )2 ex = QXZK.\'I' (y, _yo)2 (9)
i=1 i=1 i=l

In the same way, y-directional total moment A, can be
obtained as Equation (10).

M, = ‘Z:l:mﬂ = ;Kﬂ. (x,. —-X, )2 0, = HJJ;K:I. (x,, —x0)2(10)

As M, and M, must be equilibrium, then Equation (11)
should be held good.

M =M, (11)
2 n 0
QXZKSI' (yi =W )2 = gyszi (xi X )2 - et
i=1 i=1 B
IZ:I:KH' ('xi — X )2 [X (12)

ZH:Ksi(yi_yo)z Iy
i1

While, in Figure 14 shown thatpartial external shear
force O applied on the top of the corresponding shear
wall of height “g” gives a rotational moment Q-¢g and
this moment should be equilibrated with each internal

moment M, and M,

Og=M =M,
g Qg :szKw (yz _yo)2 :Hyszi(xi _xo)z
p-— 98 (13)
ZK;, (yi _yo)
0 Og

>0 = =
1 sz' (x,. —xo)

The shear deformation angle y, of the shear wall caused
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Figure 13. Displacement of i nail due to forced rotational
deformation &,.
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Figure 14. Assumed deformation mode in partial shear wall
of g x L size.

by nail slip will be defined as the summation of x-direc-
tional rotation €, and y-directional rotation 6, just same

as the definition of shear strain of solid materials, thus,
y, =0, +0, 14)

Substituting Equation (13) into (14), we can get the fi-
nal relationship between applied shear forces Q and shear
deformation angle y, as in Equation (15).

K, (5,-2) x2 K, (x,-x,)
:lxz (2= 3) XK (5= x%) y, =K -y (15)

g ZKS; (y,» Mo )2 +ZK5[ (xi _xo)2 '

where,

0

K :lxZK“'i(y’_yO)ZXZKxi(xi_xO)Z
g YK (n-n) XK ()

K, = Shear rigidity component due to nail resistance.
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If the shear deformation due to sheathing material it-
self should be taken into account, the relationship be-
tween shear force Q and shear deformation angle , will
be expressed as Equation (16).

0=GLt y, (16)

where, G is shear rigidity of sheathing materials.

L is length of shear wall.

t is thickness of sheathing materials.

Hence, the total shear deformation angle y of shear
wall will be written as the summation of shear deforma-
tion angle as;

1 1 1
Y=, +7s { X ‘oL t}Q K. 0

1 1 1
where, = —t—
K K, GLt

PSW

17)

is total shear stiffness of partial shear wall.
4) Derivation of Shear Deformation of Whole Shear
Wall

In general, whole shear wall tends to be composed of
plural partial shear walls due to unit size of sheathing
material as shown in Figure 15.

From equilibrium condition of external and internal
moment, Equation (18) should be held good.

PH :ZQJ’gi

The compatibility condition that all partial shear walls
should share the same deformation angle will lead to
Equation (19),

(18)

Ywsw =V, (19)

where, the suffix “/” indicates number of partial shear
wall. Substituting Equation (17) into (18) and consider-
ing (19), finally we can get Equation (20) for the load-
shear deformation relationship of whole shear wall.

ZK V—Jj .g/

(20)
3.1.2. Nonlinear Calculation Method
1) Load-Slip Data of Nail for Non-Linear Calculation
Method

Figure 16 shows load-slip data of N75 nail taken from
single shear test on Akasia wood with FCB sheathing.
For this data, a three-parameters exp-equation shown in
Equation (21) was fitted up to maximum load for nonlin-
ear calculation. And beyond maximum load level, simple
linear equation showed on (22),

p=(p,+K, ~s){1—exp[‘p—’fs]}

Copyright © 2012 SciRes.
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Figure 15. Relationship between whole shear wall and par-
tial shear walls.
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Figure 16. The single nail shear test result.

P =P — K, ~(spmax —s) (22)
where, p, = 550 N, K, = =10 N/mm, K; = 1200 N/mm,
K., =-10 N/mm.
2) Non-Linear Calculation Procedure
Figure 17 shows flow chart of non-linear calculation
procedure in this study.

3.2. Modeling of Hysteresis Loop

In order to analyze dynamic property of shear walls it is
necessary to established any appropriate hysteresis loop
model. In this study we adopted so-called Normalized
Characteristic Loop (NCL) Model that was proposed by
Tani and Nomura [3,4] for reinforced concrete structures
and recently modified by Matsunaga, Miyazu and Soda
[5-7] for timber shear structures.
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Caleulate the rotation cent Figures 18 and 19 show the NCL Model for Akasia
> YKy YKy frame and FCB sheathing shear wall system were ex-
TSR TSk pressed by following Equation (23) in accordance with

the studies of Matsunaga, Miyazu and Soda [5-7],
\ 4

. nl
Loadmg:L(x):(B-|x +l—B)x$A(x4—1)
Give incremental rotation A6, and calculate slip:

2 (23)
5,=(7-2)80, and 5, =(x - )(0./1,)80 Un-Loading : L(x) = (B-[x|* +1- B) xF 4(x* -1)

where, L(x) and x are normalized load and deformation
angle respectively divided by maximum value in each

th

Calculate Resultant slip of i" nail; AS: = ,[s] +5

.=\ +5 ,comesponding reaction force loop and 4, B, nl and n2 are parameters governing shape

A =(po+ Koo as){1-exp(-K /) As)} » of hysteretic loop. In the second term of Equation (23),

and incremental tangent slip modulus of i*" nail the minus mark should be used in the case of upper curve
dp

AK while plus mark should be used in the case of lower

o curve. Four parameters are shown in Table 4.

- K{l —exp[%sﬂ+(p” +K.-s)(K./p, )~exp[_71f\s]

1.5 . . . -
\ 4 .
Calulate incremental shear rigidity: H
> 2 &
AK =Lx 28K, (3=, ) x LK. (x _x")ﬂ A 05
g ZAK’ (y, —y“)’ + ZAK”(x, S x")’ g
=
S0
<
\ 4 = == NCL Model
i i . - + Loop 1
Calculate incremental total shear stiffness of partial E -0.5 T .« Loop2
h 1I: = g W
shear wa AK -GLt = 2 - Loop 3
AK,, =\ ]
AK +GLt 5 ] 5 . Loop4
z x Loop 5
+ Loop 6
-1.5 : : - . 1
Calculate incremental shear deformation angle -1.5 -1 -0.5 0 0.5 1 1.5
Ay, =(0.-,8)+(8,-,96) Normalized Deformation Angley/y_,

Figure 18. NCL model for conventional type shear wall
v (SWC).

Calculate incremental shear force AQ=AK, - Ay,

1.5

v !
Calculate incremental shear deformation angle due to

i max

- K
CFB: Ay, =AQ/GLt £ 05 .
§ g
=
= 0
v F il
Calculate incremental total shear deformation angle 2’,’ - il —NCL IYIodel
3 '0 5 LoopT
Ay = /(Ay" + Ay\_) 2 & * Loop 2
£ e d® “ Loop 3
5 -1 e Eoop 4
\ 4 z * Loop 5
Calculate incremental total shear force of whole shear 15 " Loop 6
wall at j-stage: 15 41 05 0 0.5 1 15

(YAk,, -
s & 3AK,, -
AP = k Z o J Ay = . g Ay Normalized Deformation Angle y/y_

Figure 19. NCL model for V-brace type shear wall (SWB).

A 4

Estimate reaction force and deformation angle by adding
j-stage value to j-1-stage value

Table 4. Four parameter of NCL model for shear wall.

B A nl n2

] Y= A+ Y ’P=’AP+HP
SWC 0.63 0.20 0.4 45
Figure 17. Flow chart of non-linear calculation procedure. SwB 0.50 0.18 0.2 8.0
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4, Results and Discussions
4.1. Envelope Curve

Figures 20 and 21 show comparisons between predicted
envelope curve and experimental ones. As can be seen
from SWC specimens, prediction coincident with experi-
mental ones well, while in the case of SWB specimen,
prediction over-estimated performances of shear walls
after yielding a little bit. The reason why only one speci-
men was used for the comparison in SWB specimen is
that in experimental procedure, tests were carried out for
two specimens without sufficient restriction from up-lift
of test specimens. Therefore, the load-deformation curves
of those specimens without restriction became abnormal.
The rest of one specimen was tested with sufficient re-
striction for up-lift thus normal load-deformation curve
that was usable for the comparison between experiment
and prediction was obtained. Therefore, the discrepancy
for SWB specimen might be fallen down into the ex-
perimental variance.

Figure 22 shows initial failure at edge nail, which oc-
curs at 1/75 radian deformation angle due to insufficient
edge distance. This kind of initial failure could not be
predicted by the theory derived in this study therefore in
order to predict this kind of initial failure precisely, nail
shear data having effect of insufficient edge distance
should be used in the analysis. Figure 23 shown failure
of FCB at 1/15 radian.

4.2. Whole Load Deformation Curve

Figures 24 and 25 show comparisons between experimental

Shear force P (kN)

“O-Non-linear Calculation
—Convention-1.csv

~——Convention-2.csv

—Convention-3.csv

0 0.005 0.01 0.015 0.02 0.025 0.03
Shear deformation angle y; (rad)

Figure 20. Comparison between predicted envelope curve
and experimental result for conventional shear wall (SWC).
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Figure 21. Comparison between predicted envelope curve
and experimental result for brace type shear wall (SWB).

Figure 22. Initial failure at edge nail in 1/75 radian defor-
mation level.

Figure 23. The specimen at final condition in 1/15 radian-
deformation level.
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Conventional Shear Wall

Load P (kN)

= =SWC-2

-10
== SWC-3

—*= NCL+Non-lencar Prediction

=100 =75 -50 <25 0 25 50 75 100
Top horizontal deflection 8 (mm)

Figure 24. Comparison between predicted load deformation
curve and experimental ones for SWC specimen.

16

Brace Type Shear Wall

Load P (kN)

= =*SWB-3

—o—NCL+Non-lencar Prediction

-75 -50 -25 0 25 50 75
Top horizontal deflection 8 (mm)

Figure 25. Comparison between predicted load deformation
curve and experimental ones for SWB specimen.

curve and theoretical prediction, which was obtained by
combining, envelop curve with hysteresis NCL Model.

Although there are some sorts of discrepancy between
prediction and experimental results, comparisons shown
in this study seemed to be fairy good at least for predict-
ing whole nonlinear behaviors of wooden shear walls
whose nailing pattern are arbitrary arranged. These com-
parisons might suggest that better prediction will be ob-
tained by paying careful attention to nail shear data so as
to be reflected by in sufficient edge distance effect.

5. Conclusion

In this study we derived a non-linear calculation method
for predicting whole load-deformation curve of FCB
sheathed nail-on shear wall made by Akasia wood frame.

Copyright © 2012 SciRes.
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NCL Model formulated hysteresis loops. By combining
these two theoretical methods we could predict whole
nonlinear cyclic load-deformation behavior of specimens.
Although there were some discrepancies between predic-
tion and experimental observations, further better predic-
tion might be obtain by paying careful attentions to nail
shear data so as to be reflected in sufficient edge distance
effect.
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